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ABSTRACT 

Entry of astronautical vehicles into planetary atmospheres is 
examined in this thesis with respect to interactions of the guidance 
function, vehicle performance', trajectory prediction, and mission 
objectives . 

All entry missions which originate from planetary reconnaissance 
orbits are classified into two broad categories; the direct entry 
profile and the degenerate orbital profile. These classifications are 
distinguished by the fact that some form of thrust generating mechanism 
is required to effect controlled entry in the direct entry profile, 
while engines are not required for controlled entry in the degenerate 
orbital profile. 

Approximate analytical solutions of guidance parameters and 
constraints are derived for both classes of profiles. As used in this 
thesis , guidance parameters include ; 

(1) Predicted values of distance flown, range, range-to-go, 
altitude, velocity, time of flight, and specific force 
level ; 

(2) Sensitivity of the foregoing quantities to errors and 
uncertainties in the specification of aerodynamic 
characteristics of the vehicle, density characteristics 
of the atmosphere, magnitude and direction of the engine 
thrust vector. 

Constraints are defined as trajectory limitations resulting from; 

(1) Permissible specific force levels of the vehicle and 
its human occupants; 

(2) Heat flow rates to the skin of the vehicle, and 
stagnation point temperatures; 

(3) Radiation hazards. 
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A major shortcoming of numerical studies performed in the 
conceptual and early design phases of astronautical entry systems 
is that an infinite number of possible trajectories and guidance 
schemes must be explored. In order that the engineer understand the 
effect of changing various design parameters and in order to 
compare different guidance schemes, simple analyt-ical results, even 
though only approximate, can be far more informative than a long series 
of machine computations. The philosophy advanced in this thesis, 
therefore, emphasizes the use of djmaraical approximations, with 
specified limitations, to derive simple analytical solutions of 
important guidance quantities. 

It is shown in this thesis that the trajectories of bpth the 
direct and degenerate orbital profiles possess three distinct 
operational regimes, defined as the Keplerian, Intermediate, and Gas- 
njoiamic Phases. A parameter, called the Conservation Parameter, is 
defined to speciiy precisely the boundary conditions between these 
operational phases. The Conservation Parameter is an index of the 
influence of the operating environment on vehicrilar motion and may be 
used as a switching function for the guidance computer and as an 
external aid for adaptive control of the vehicle. 

Three-dimensional dynamical equations of motion are developed 
for entry of lifting or non-lifting vehicles in banking or wings- 
level flight with variable thrust capabilities into the atmosphere 
of oblate, rotating planets with or without atmospheric winds. The 
figure of the planet, the gravitational model, and the atmospheric 
model for important bodies of the solar system are summarized. Special 
problems associated with first-time entry into the atmospheres of 
strange planets are discussed. 
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Chapter 1 



INTRODUCTION 



1 .1 Object 

The object of this thesis is to formulate analytical techniques for 
specifying important parameters and constraints necessary in the prelim- 
inary development of guidance concepts for a ^ride class of entry missions 
into planetary atmospheres. 

To be of maximm efficacy, analytical techniques and solutions 
formulated must be of sufficient generality as to appl3'’ to many vehicles 
and missions, of sufficient utility to enable a clear understanding of 
the relation between trajectory and performance, of sufficient simplicity 
to enable rapid determination of numerical answers from a diversity of 
initial conditions , and of sufficient accuracy when compared to more 
exact machine computations that engineering decisions can be deduced 
with confidence. 

1.2 Guidance Parameters and Constraints 

As used in this thesis, guidance parameters include: 

(1) Predicted values of distance flown, range, range-to-go, 
altitude, velocity, time of flight, and specific force level. 

(2) Sensitivity of the foregoing quantities to errors and 
uncertainties in the specification of aerodynamic characteristics 
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of the vehicle, density characteristics of the atmosphere, 
magnitude and direction of the engine thrust vector. 

Guidance constraints are defined as trajectory limitations imposed 

ty: 

(1) Permissible specific force levels of the vehicle and its 
human occupants. 

( 2 ) Heat flow rates to the skin of the vehicle, and stagnation 
point temperatures. 

(3) Radiation hazards. 

1.3 The Family of Astronautical Vehicles 

Astronautical vehicles existing today may be classified into 
various types according to the specific function for which each is 
designed. Examples of these classes are sounding rockets, ballistic 
missiles. Earth satellite research vehicles to accumulate data concerning 
the Earth and its environment, meteorlogical satellites, manned research 
vehicles (such as the X-I 5 ), lunar and solar probes. 

Vehicles under development for use in the immediate future extend 
the above list to manned orbital vehicles (such as Projects Mercury and 
Dyna-Soar), unmanned planetary probes, navigation satellites, recon- 
naissance satellites, communication-relay satellites, and special purpose 
satellites to map more extensively the recently discovered radiation 
patterns in space, to verify Einstein's relativity theories, etc. A 
host of other astronautical vehicles have been suggested, most of which 
depend on successful completion of projects already in progress. Among 
these are international inspection satellites, manned orbital space 
stations, manned lunar and planetary reconnaissance vehicles, hypersonic 
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gliders for transportation and other logistic functions, astronautical 
vehicles designed to perform specific military functions such as to 
destroy missiles and satellites, to perform military reconnaissance 
functions, to jam communication facilities, to serve as bombing plat- 
forms , to exercise supply and logistic functions . 

The above enumeration of astronautical vehicles frequently refer- 
enced in the unclassified literature is by no means a complete tabula- 
tion; yet, it is a dramatic demonstration of the rapid growth of the 
space family in the few years since the birth of the V-2 rocket, which 
must surely be classified as the father of this modern family. The 
spectacular growth of this family suggests a truly fertile expansion 
in the future. 

This thesis is devoted to an investigation of a special portion 
of the trajectory of some of these vehicles, namely that portion in 
or near the atmosphere of a planet or a natural planetary satellite. 

The investigation is sufficiently general as to apply to manned and 
unmanned vehicles, to a diversity of mission concepts, and to a wide 
class of vehicles both lifting and non-lifting. The study is oriented 
toward determination of optimal guidance requirements for directing the 
vehicle to a particular landing site selected prior to entry. Emphasis 
is placed on the manned vehicle and the guidance constraints resulting 
from its human occupants. General constraints imposed by the operational 
environment are considered, with special emphasis on atmospheric con- 
straints . 

It is intended in this introductory chapter to show how the work 
of this thesis fits into the framework of the entry mission concept and 
into the large body of previous work recorded in the literature. 
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Specific conclusions and recommendations for further study are advanced 
in Chapter 2. Where appropriate in relating the work of this thesis to 
the broad problem of guidance and control systems design, general 

conclusions are proffered in this introductory chapter. 

% 

1.4 Manned Planetary Missions 

Taylor and Blockley' ' have stated eloquently man's motivation 
for space exploration: 

"The feat of putting man into orbit and the final 
triximph of interplanetary and even interstellar 
exploration are supreme human goals, transcending 
the purely pragmatic question of which performs 
more efficiently, man or machine." 

A competent team of trained and motivated men cannot be surpassed by 
machine to perform exploratory functions , as contrasted to reasonably 
well-established routine functions (such as data collection and 
computation) . The machine can do only those functions for which it is 
designed; it cannot seek new functions beyond the scope of its sensory 
transducers. The design of the machine may be elaborate in order to 
encompass limited decision-making capabilities, the ability to adapt 
its performance to a changing environment, the faculty for rapid deter- 
mination, computation, cataloging, and storing of data. A machine or 
group of machines that can perform an almost unlimited diversity of 
tasks such as the following, however, will probably never be built in 
a package weighing less than 200 pounds: 

(l) Correlate many non-related observations. 



* Superscript numerals refer to similarly numbered references in the 
Bibliography. 
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(2) Readily perform multifarious physical tasks, in any 
order, such as moving from place to place, replacing 
or repairing a faulty engine and electronic component, 
controlling a flying vehicle, collecting minerals and 
plant life, comparing observations with data previously 
accumulated, etc. 

(3) Make rapid decisions based on seemingly independent events. 

(4) Has intuition . 

Man has a unique facility for exercising judgment; he can reason 
inductively and has the ability to draw inferences from isolated 
elements of one situation and 'apply them to another. The trained 
hiiman being has the capacity to analyze problems never before encountered 
and to make decisions on the basis of general rather than specific 
experience. He is a valuable technical trouble shooter and can better 
assure reliable operation of all equipment on the astronautical vehicle 
by continuous checking, repairing, and replacing of faulty equipment. 

It has been demonstrated over a half-centuiy of flight that he is a 
versatile flight controller; there is much expert opinion to substan- 
tiate the belief that he can exercise this function to a useful extent 
even at escape velocities. 

The planning of an astronautical mission and the design of the 
vehicle and its guidance and control system is a problem of optimum 
system design to effect a successful mission with maximum flexibility 



* "Immediate apprehension or cognition; the power of knowing or the 
knowledge obtained without recourse to inference or reasoning; 
insight; familiarity, a quick or ready apprehension." (Webster's 
Collegiate Dictionary) . 
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and reliability, minimum initial weight, and the most efficient power 
utilization. A realistic approach to analyzing the mission problem is 
to assign to huimans those functions performed best by them and to 
relegate to machines the functions that they can perform more effi- 
ciently. Taylor and Blockley state man's role: 

"Man will perform primarily as a strategist, as a 
correlator of data at mar^ probability levels, a maker 
of insightful interpretations from these data, and a form- 
ula tor of effective plans of action. Although it is possible 
to conceive of a machine that could perform some or all of 
these functions, it would be very large, complicated, and 
expensive . 

Man is needed as a scientific observer of space 
phenomena. He can act to control the instrumentation 
toward the most significant and reliable readings, to make 
the unexpected observation, and to gain basic insights 
into the pattern of results. Although machines could 
conceivably do this job, man will want to do the job 
personnaly, whether required or not." 

Before any attempt is made to explore the surface of a strange 
planet, sufficient data regarding the planet must be accumulated in 
advance to demonstrate that the potential benefits of such an 
exploration are great enough to justify not only the tremendous cost 
but also the attendant risk to human life. Preceding the manned mission 
will be a certain number of unmanned exploratory probes in order to 
collect data on radiation hazards, gravity, magnetic field, atmospheric 
properties such as temperature, density and wind characteristics, 
terrain mapping, etc. Manned exploration of the vicinity of the planet, 
which may or may not culminate in immediate atmospheric penetration to 
a landing, should follow relatively few unmanned probes , in the opinion 
of the author. 

It is interesting to compare some of the debits and credits which 
enter the engineering ledger as a result of designing a mission system 
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to include the hiunan crew. The man excels over the machine in: 

(1) Detecting minimal changes in visual or auditory stimuli; 

(2) Perceiving, in the presence of noise, meaningful patterns 
and information; 

( 3 ) Choosing new courses of action viith great flexibility and 
adaptability when circumstances change unexpectedly; 

(4) Storing tremendous quantities of data for long periods of 
time and recalling the required relevant information 
rapidly.* 

Engineering liabilities incurred by incorporating man in the system 
include the following : 

( 1 ) Much engineering effort is required to make the astronautical 
vehicle habitable and safe due to the inherent vulnerability 
of man to the space environment. 

(2) Engineering provision must be made for living, rest, and 
recreation that go beyond a utilitarian minimum because more 
is required of the man than mere survival. He must perform 
at top efficiency, a requirement closely coupled with morale 
and physiological considerations. 

( 3 ) Equipment required** to make man effective in his duties are 
costly in weight, size, complexity, and dollars. 

The net cost of each unmanned planetary probe, in terms of man 



* It was estimated in reference (l) that the brain's storage capacity 
is of the order of 2 to 100 times 10° bits. This compares to storage 
of the order of 105 bits in a typical modern high-speed computer. 

** Such as human-operator stations, data -pro cessing and storage 
facilities, sensory displays, etc. 
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hours and natural resources expended versus data collected, is suffi- 
ciently great that emphasis should be placed on the manned mission as 
early as possible. The potential wealth of knowledge that may be 
obtained versus expenditure of resources and money is greater, by orders 
of magnitude, in manned exploration as contrasted to unmanned probes, 
even though each manned vehicle must itself be more elaborate and 
costly. Therefore, there is strong justification for manned explora- 
tion to follow relatively few unmanned probes; the latter should be 
undertaken in such numbers only to establish that the id.sk factor* to 
man is within acceptable bounds. 

In the investigation described subsequently in this thesis, a 
specific guidance system is not considered in detail, hence the 
advantages and disadvantages of using man in contrast to machine to 
perform specific guidance functions are not debated. Major emphasis 
is placed, however, on an important consideration in systems design of 
the manned entry vehicle; viz., constraints on the trajectory resulting 
from allowable human acceleration loads. 

1.5 Dynamics of Entry 

The analysis of the flight of the entry vehicle is a particular 
application of the general theory of the djmamics of rigid bodies in 
three dimensions. It is usual in such theory to separate the motion 
of the center of mass from the motion of the body around the center of 
mass. The theory of flight performance embodies the former, the theory 
of stability and control the latter. 



* Such as from radiation and meteor hazards, launch and recovery 
failure, operational reliability, etc. 
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